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SUMMARY 

An investigation was conducted t o  study the origin and developmnt 
of leading-edge crackbg in turbine  buckets. Six materials were studied: 
S-816, "252, Inconel 550,"Lnconel 700, Hastellay R-235, and Jetalloy 
1570. A few selected buckets from lo t s  of 5-816, "252, and Inconel 550 
were given special stress-relief  treatments such as electropolishing, 
annealing, and reheat treat wg. The effect  of a luminizhg  S-816 buckets 
was also  iavestigated. All the buckets were run sfmultaneously in EL 

547-25 engine  operated Fn a cyclic manner, 15 minutes at rated speed and 7 *  
9 approximately 5 mlnutes at idle. 
3 

The resultEi of the investigation  indicated that all the materials, 
as tested, developed leadbg-edge cracks. The t o t a l  operating time un- 
til the cracks were f irst  detected  varied ap-greciably, ranging  fram 55 
hours f o r  lzzconel  550, "252, and Inconel 700 to 245 hours for   Jetal loy 
1570. After  crack  detection, most  of the buckets operated well mer 
100 hours. bef ore fracturing.  Sgecial  treatments such as stress-relief 
annealing,  electrapolishing, and reheat-treatment-appe&ed ineffective 
in  improving either the crack  or fracture resistance of the speaially 
treated al loys.  An arialysis of the factors that could d f e c t  the de- 
velopment of cracks in turbine  buckets (centrifugal stress, vibratory 
stress, oxidation, and thermal stress)  indicates that the probable 
primary cause was themnal fatigue. 

- 

INTRODUCTION 

The development of Smau cracks in many of the jet-engine compo- 
nents exposed t o  the hot-gas stream is not  a new o r  unusual phenomenon. 
Frequently crack6 have been found in such  cmponents 88 combustion 
liners, - nozzle guide  vanes, tailcones, and occasionally in turbine 

have  been studied md reported i n  l i t e ra ture .  These works axe summa- 
rized Fn reference 1. 

. buckets. The nature and causes of cracking, in most of these components 

. 
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Generally, the cracks i n  turbfne  buckets f-lrst appear as very small 
specks along the leading edge. With continued  operation the small specks 
develop into cracks which appear t o  be similar to the cracks s-tws 
found Fn nozzle  guide vanes (f ig .  1). These guide-vane cracks  are gen- 
erally  believed  to be caused by thermal fatigue (ref. 1) . The similar- 
i t y  between the  cracking i n  the buckets and in the nozzle  guide vanes 
suggests that the bucket cracking might also  be attribubed  to thennal 
fatigue. Tests haxe shown that during starts and stops large thermal 
gradients  are suddenly produced a t t h e  leading edges of the  buckets (ref. 
2 ) .  These thermal  gradients could  cause  thermal stress  that   eventually P 

might cause the leading edge to crack. . H o w e v e r ,  thermal strees might not 
be the only factor causing the  cracks. S t i l l  other  factors such at3 
centrffugal stress, vibratory  stress,  residual stress, and oxidation also 
could conceivably  cause or contribute t o  crack development. 

N z 

Thia investigation was conducted t o  study the origin and develogment . 

of leading-edge  cracks in turbine  buckets.  SpecLficaIly, the aim w&8 t o  
learn when and  where the cracks fYmt develo-g; how long a bucket with 
cracke would operate  before  fracturing;-whether or  not  there w&8 a dif-  
ference In crack  res.istance among buckets of different high-temperature 
materials; and w h a t  effect  several  special  treatments would  have an the L 

crack  resistance of buckets. 

Six -different high-temperature materials were selected  for  testlag: 
S-816, "252, &canel 550, Incanel 700, Hastelloy R-235, and Jetalloy 
1570. Some S-816, "252, and Inconel 550 buckets were given special 
treatments such as electmpolishing, annealing, and reheat  treating t o  
reduce fabricatianal-residual  stresses. A few S-816 buckets Ere dm- 
inized t c r l e m  whether t h i s  treatment would -we the bucket 
performance . 

I 

A J47-25 engine w&8 selected f o r  this  inveetigation because i t i e  
one of  several engines in which leading-edge  cracks may be produced. 
Furthemore,  thia -engine is amenable t o  bucket evalua;tion, became it 
has a single-stage  turbine,  thus  reducing the probability of engine 
damage  due t o  bucket fracture. - 

Materials 

E i g h t  l o t s  (s j x  a l l o y s )  of high-temperature materials were studied 
in  this  investigation. The materids  atudied. were as follows: . 

(1) "252 produced entirely from primary metals (hereinafter called 
"252 l o t  A )  
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(2) "252 produced. f'rom a single heat, using a mixture of primary 
metal and revert  scrap (hereinafter called "252 l o t  B) 

(3)  Inconel 550 

(4 S-816 randomly selected from a lot of A i r  Force stack  buckets 
[by chasce all were mmufactured by one fabricator  but were not 
necessarily fram the  same heat of material)(herejnafvkr cal led 
5-816 l o t  A) 

(5) S-816 poured from a single master heat of material (herelnafter 
Called S-816 l o t  B) 

(6) Inconel 700 

(7) Eastelloy R-235 

(8) Jetalloy 1570 

Chemical C q o s  it ion 

The nominal and actual chemical comgos it ions ( wkterever available) 
of the materials tested, &s reported by the manufacturer, are presented 
in table I. 

Forging  Procedures 

All of the buckets,  except the S-816 buckets  selected from A i r  Force 
stock  (lot A) ,  were especially  forged  for this test by a s i n g l e  manu- 
f acturer . Four of the  materids eqlayed in this  investigation  (Inconel 
550, Inconel 700, Hastelloy R-235, and Jetalloy 1570) were not  available 
as comnercially  forged al loys,  but were specially  forged  for this eval- 
uation. An outline  giving the forging and heat-treating tempkratures 
fo r  all the materials is presented in table II. 

Special Treatments 

Twelve buckets each of "252 lots A and B, and S-816 l o t  B; and 
eight buckets of both S-816 l o t  A and Inconel 550 were selected fo r  spe- 
cial treatments a8 shown in table III. The fol lming treatments were 
performed: 

(1) Elec t rqol i shkg:  Four buckets each of "252 l o t  A, "252 lot 
B, S-816 l o t  B, and Inconel 550 were electwpolished  to'remave  the sur- 
face stresses that may have been produced. arcing the final machining 
aperat~ons (arpproximateu o .OOZ in. per surface w a s  rerroved) . 
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(2)  Stress-relief aunealing: Four buckets  each of "252 . lot  A, 

"252 l o t . B ,  S-816 l o t  B, and Inconel 550 were a e a l e d  a t  15000 F t o  
reduce the  residual  stresses that-might have been induced in the buckets 
during  the Finis- operations a f te r  heat  treatment. Specimens were 
heated t o  l5W0 F slowly 'and also cooled iiGb-. - . 

.... . .  

(3) Complete reheat  treatment: Four buclrets each of "252 lot A, 
"252 l o t  B, 5-816 lot B, md Inc.mel 550 were camgletely  re-solution- 
treated and reaged &ter the buckets were received from the  fabricator.  
This treatment was  made t o  assure  stress-relief annealing, h i c h  cmceiv- 
ably m i g h t  nothave been acccmplished by tEe stress-relief fn Item ( 2 ) .  - 5  

fi  
h 

(4) 100-Hour, -repetitive  reheat  treatment: Four buckets each af 
"252 l o t  B and S-816 l o t  A were operated for approxhately 100 home, 
removed and completely reheat-treated (solution treated and aged), tl.len 
operated agaln. The procedxe-was t o  be - repeated . . . . . . . .  - - af te r  . .  - every  additional 
100 hours of operation  until  the buckets developed- cracks.  .-Reheat t r e a t -  
ing the buckets was done in  an attempt t o  recover  the  properties loat be-. 
cause of internal. damage engendered during  engine qera t ion .  The first 
112 hours of operation with these  reheat-treated buckets were-performed 
in another 547-25 engine,  operating with tg-6.k conditions aB described 
l a t e r  in the Engine-  bperation section. When the liZ"houi t e s t  w a s  diE- 
continued, the  buckets  were.hat-treated and. placed in the engFne re- 
ported  herein. . -. . . . . . . . .  ... ." . . . . . . .  

" 

. .  - .......... - .- 

" d  .. 

- .. . . . . . .  - 

(5) Alumin2z3ng: Three S-816 buckets selected from A i r  Force stock 
were aluminized (alminum coated and .diffusion heat-treated by an air- 
craft parts manufacturer with  expWience..-h...this .process) to  learn if 
this treatment would improve the cracking resietance ........ of the  material. 
Aluminizing may improve the performance-by iacreasing the ref lect ivi ty  
and thermal conductivity of the bucket, or .  possibly by altering the 
physical  properties of the surface material. 

Inspectian 

ALltlie buckets were inspected f o r  cracks with fluorescent, post- 
emulsion a i l  penetrant before they were used in the t e s t  md passed. 
After every 35 hours of operation a t   r a t ed  speed, the  buckets were re- 
moved  from the engine and agairm carefully  inspected f a r  cracks. Occa- 
sionally an inspection would be g e r f o m d  before 35 hours had elaped 
if the engine had t o  he  shut down for overhaul  becsuse of mechanical 
diff icul t ies .  For each of the  tes t  buckets, a record was made at each 
Fnspe-ction of the rimer of cracks (if any), the location of cracks, 
and the depth of the deepest  cracks. 
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Physical Make-up of T e s t  Wheel . 

. 

Ninety-four test buckets and two themcoupled  standard-buckets were 
used in  the-engine  evaluation. All had a J47-25-type configuration. The 
number of buckets tested for each mterial and their  treatments are pre- 
sented in table IV. All the buckets were randomly placed around the 
turbine wheel. 

Temperature and Centrifugal-Stress  Distribution 

The temperature and cegtrifugal-stress  distribution along the span 
of a J47-25 bucket  operating a t  fu l l  pow&r is shown in figure 2. In the 
initial stage of the test, the  steady-state temperature distribution was 
obtained by o erating, in the engine,  buckets equipped with thermocouples 
located at $-inch intervals along the span of the bucket. More infor- 
mation about the equipment  and procedure f o r  making a temperature  survey 
is given in reference 2. The centrifugal-stress  distribution was  calcu- 
lated as explained in reference 3. 

Crit ical  Cross Sect  ion 

The crit ical   cross  section of a  bucket is usually considered to be 
the section of the bucket that would be most likely t o  fail 3f temger- 
ature and centrifugal stress were the only cause of fa i lure .  It is de- 
termined by applying  previously detennFned data for stress and temper- 
ature  distribution in the bucket t o  the stress-nrpture data f o r  the 
material, and then  fhding the expected l i fe  of the material at several 
points  along  the span. The cross  section  with the lowest expected l i fe  
is t h e   c r i t i c a l  cross section. 

For exanrple, f o r  an S-816, J47-25 bucket, th i s   c r i t i ca l   c ross  sec- 
t ion is 1.6 inches from the base, and the theoretical  l i fe  of the material 
a t  this section is about 13,000 hours ( f ig .  3). These calculations w e r e  
based on bar-stock  stress-rupture data for 1300°, 1400°, and 1500° F. 
Simple interpolations were used t o  determine the intermediate  isothermal- 
stress values , and straight-line  extrapolations were used t o  appmximate 
the  expected l i fe  above lo00 hours. While straight-line extrapolations 
introduce  inaccuracies,  they do offer a means of obtaining  order-of- 
mgnitude  values. 

As will be shown l a t e r ,  the actual bucket l ives  were only a f e w  
hundred hours, much less than the  predicted l i fe  of 13,000 hours. S h c e  
the  differences me so great, even large  inaccuracies of several thou- 
sand hours in the predicted l ife  calculations would not affect  the con- 
clusions that will be reached. 
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The stress-rupture values f o r  the other  f ive materials are gener- 
a l l y  higher than for S-816; therefore, the minimum theoretical life f o r  
these alloys would be expected t o  be greater than the l 3 , O O O - h m  value 
for  S-816 shown Fn figure 3. A detailed explanation of the procedure 
used for  determining the laxtion ;Ln the bucket of the   c r i t i ca l  proas 
section is given in reference 4 .  

Engine Operation 

The 547 e n m e  was operated in cycles of 20 minutes duration; 15 
minutes at IEUC~JII . .  rated speed (7950 rpm) and about 5 minutes a t  i d l e  
speed (3000 r p ) .  The engine .=E! started and stqped,  accelerated and 
decelerated i n  a ncrrmal manner, which should produce -ratme grad- 
ients  within the buckets  equivalent t o  those reported in reference 2. 
Engine operatian was interrupted f o r  rou tbe  mabtenance, t o  replace 
fractured  buckets, and t o  shut down a t  the ead of each work day. Frac- 
tured buckets were replaced with standard S-816 huclsets. 

. 

When the engine was operating at rated speed (7950 rpm) , the centrif- 

s ugal stress at the  critical  cross  section in the bucket was about 13,000 
ounds per square  tach. The bucket  temperature a t  this point was 1455O F 
ta i lpipe temperature, 1275' F) . Periodically the bucket  temgerature was 

checked with the  a id  of thermocouples mounted in two buckets. 

The test w-m discontinued after the engine had beer: operated f o r  a 
t o t a l  of 500 hours at f ' u l l  power. 

Macroexamhation of Failed Buckets 

Buckets were ChSBified Fn tw-0 ways , cracked or fractured. The 
cracks  could  range.in  size frm those barely visible t o  the eye t o  those 
over 1/2 inch deep. A fractured bucket was a  bucket that actually rzsp- 
tured during aperation. The remnants of the fractured  buckets,  partlcu- 
larly the  fracture  surfaces, were niacroexaminedto det-e the type 
and origin of the  failure.  Photographs were taken of typical  fractures 
f o r  most of the materials. 

Metallographic  Studies of Operated and Failed Buchts 

Metallographic studies were performed.on 1 7  of 35 buckets that frsc- 
tured and 1 2  unf'ractured  buckets that had bperatd. 500 houre. !Ih nUm- 
bers of buckets microexamined  and. their conditions are presented Fn 
table V . 
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Metallowaphic work was performed t o  dete-e the nature of the 
leading-edge  crachs and t o  observe any musual appearances in the struc- 
ture of the materials. Microspecimens were taken from regions in the 
buckets wbere the cracks appeared and where the fractures originated. 
Standard metallurgical procedures were used fn preparing the specimens. 

Developmsnt  of  Leading-Edge Cracks 

The first leading-edge  cracks were detected when ~ o m e  thermocouples 
had t o  be replaced  after 55 hours of operation. A t  th i s  time, 22 buckets 
had leading-edge cracks. By the end of the test (500 br) , 92 of the 94 
t e s t  buckets had cracked. 

Generally, the development  of the leading-edge  cracks followed a 
pattern which could be discerned over several  consecutive Zyglo Inspec- 
tions. A t  first, a few very sma l l  cracks would appear in  the vicini ty  
of the  critical  cross  section of the buck&. With continued  operation, 
additional cracks would develop above asld below this region. a f t e r  
about 100 hours of operation, a bucket that bad cracked would have be- 
tween 5 and 30 ljmELu cracks located between 0.9 a d  2.9 inches above the 
base. Most  of the cracks grew t o  about 1/32 t o  1/8 inch i n  depth, then 
stopped growing. Eowever, sometimes one or  two of the cracks would cm- 
time t o  grow and cause the bucket t o  fracture. 

Two different  types of crack  propagat  ion that occur in buckets are 
shown in figure 4. In the bucket shown in  figure &(a)(Jhconel 5501, the 
cracks were f i rs t  detected  during the 55-hour Fnspectian. The cracks 
propagated a t  a mcderate r a t e   f o r  the next 200 hours but then slowed t o  
such a slow ra te  that the bucket was s t i l l  operating when the test w a s  
discontinued af te r  500 hours. In contrast   to the bucket s h m  in figure 
4(a) is the bucket in figure 4(b 1 (S-816 bucket 1. This bucket  developed 
only a few cracks by  55 hours. However, two of these  cracks grew very 
quickly, and within L20 hours one of these tm cracks was nearly 1/2 
inch deep. For the next 125 hours the cracks hardly grew,  un t i l  finally 
at 306 hours the bucket fractured. 

Ikvelopent of Bucket Fractures 

Table V I  shows data fo r  all the fractured buckets: the time when the 
cracks were first detected,  the time when the buckets  fractured, the time 
different ia l  between crack  detection and fracture, and the fracture loca- 
t im. A t o t a l  of 35 fractures had occurred when the  t e s t  was terminated. 
The first  fracture  occurred  after 218 hours of operation. A l l  the bucket 
fractures that occurred aurin@; the   t es t  began ELS leading-ed@;e cracks. 



8 NACA RM E57C12 

"he minimum time different ia l  hetween c r a k  detection and bucket fie- 
ture .was 92 hums. A l l  the other time differentials were  above 120 
hours. The bucket fractures all began in the region 1.1 to 2.2 inchee 
from the base of the bucket, w i t h  the largest nuuiber of fractures occur- 
ring a t  1.3 .inches. 

Comparison of Performance for the B t e r i a l s  Tested 

All the  materials  tested were compared on the basie of resistance 
to cracking and resistance t o  fracture. First, a comparison will be 
made of the as-receivedmaterials (fig. 5). Then, a comgarlson ell 
be made of the groups of buckets that received.  special  treatments 
( f i g .  6 ) .  

Performace of as-received  buckets. - All. the lata 02 &-received 
materials developed cracks  before- 245 hours bf operaticin at rated speed 
as shown in figure.5.  In three of these  materials, "252 lot A, Incdnel 
550, and Inconel 700, cracks were detected as early as 55 hours. The 
two materials that displayed the bes.t res-istasce t o  cracking were Jet- 
alloy 1570 and s-81E l o t  A .  Cracks were f *st noted in Jetalloy 1570 
at  245 hours. Although one of the S - 8 X  l o t  A buckets showed cracks at 
55 hours, this short time t o  cracking was %o far outside the scat ter  
band . fo r  the material that it. cauld not. b-e c o ? ~ ~ s . & r e d  &-.representative 
bucket. For the remainder of the buckets of the S-&.lG.lak A group no 
cracks were observed until 312 hours of engine  operation. 

. . . .  - 

The first fracture of =.as-received  WteriaLoccWed at 218 h q c s  
to . a n  S-816 l o t  .B bucket.. A t  .theL ten&mtLpq-af.$& test (500 h r )  , the 
three materials that had no fractures .yere Inconel 550,. Inconel .700, and ' . . .- 

Jetalloy 1570. It is interesting t o  note that two of tbese,  Inconel 550 
and InconeL700, were anibng the first  tq. crack. 

" 

. .  

Performance of specially  treated "252 buckets. - The crack resist- 
ance and service-life performances for all.the g r o q s  af both "252 
l o t  A and "252 lot B were very simila;r  (figs. 6Ca) and (b) 1. W n  com- 
pared on the bas is of average  time to cracking, all the g r a r p s  (as - 
received,  electropolished,  amealed, and r-eheat.-treated) for both ma- 
t e r i a l s  cracked at about the same t-, &r~&j .~~~~$ely  V5.@urs. 

.. . ." 

.. 

Bucket fracture occurred in all g r o u p s .  .:gf "252 dqrw the t e s t  I.. 
The f i rs t   f ractures .  for all groups gf...Idta A and B .occurred.be$ween 290 
and 330.. hours .except the annealed " 2 5 2  lot B group,. which had i t a  first 
fracture a l i t t l e   l a t e r  -at 395 hours. - . "  - 

. . . - - . . 

" . .  - 

Performance.:of. lQO-hour,. repetitive  heat-treated "252 l o t  B 
buckets. - The four. "252  1- buwts, .rehegt-treated (compL=kely 
solution  treated and aged) a f t e r  every 100 hours of op5ra€ion, developed 

" 

m 
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cracks about the same time as the untreated  buckets (approximately 175 
h r ) ,  as shown in figure 6(c) .  A t  500 hours, three of the repetit ive 
reheat-treated  buckets had fractured as compared with only one fractured 
as-received  bucket. SFnce the repetitively  heat-treated  buckets cracked 
before the second scheduled heat treatment,  they  received only one 
reheat  treatment. 

Performance of specially treated Jnconel 550 buckets. - All the 
groups of the s-gecially treated and &-received  Inconel 550 buckets had 
cracks at 55 h o e s  as shown in figure 6(d). None of the groups had frap- 
tured  buckets &en the   t es t  w a s  discontinued after 500 hours of 
operat  ion. .. " 

Performance of specially treated S-816 l o t  B buckets. - All the 
specially treated S-816 lot B buckets displayed slightly bet ter  perform- 
ance than the as-received buckets of the sane l o t .  -These as-received 
buckets had the least  resistance"Lo  cracking of any of the S-816 buckets 
tested, displaying  cracks at 80 hours. The .crack re-ststance of the 
electropolished and &&ed p u p s  was about the same; both  develqed 
cracks at about 140 hours. The reheat-treated g r o q  showed tbe best 
performance, not cracking .until 175 hours. 

-~ 

All the groups "an average fracture time -of about 325 hours ex- 
cept the reheat-treated, which did not have ssy fractures until d t e r  
400 hours. 

Performance of aluminized S-816 lot Abuckets. - The crack resist- 
ance of the aluminized s-816 lot A buckets was below that of the as- 
received s-816 l o t  A buckets (fig.  6(f ] ) .  All the ahminized  buckets 
showed cracks at 55 hours, -le a l l  but one (a  nontypical  bucket) of 
the as-received buckets did not  begin t o  show cracks until after 300 
hours. .. 

The resistance to fracture of the aluminized buckets was below that 
af the  as-received buckets. The two aluminized buckets that remained in 
the engine a f te r  the 244-hour inspection  fractured before 350 hours, 
while only one of the seven as-received  buckets had fractured  during 
500 hours of operat ion. This bucket was the S-816 bucket which w&5 con- 
s idered  nonrepresentative . 

Performance of lOO-hour, repeti t ively heat-treated S-816 buckets. - 
A l l  the S-816 l o t  A buckets reheat-treated mer every 100 hours of oper- 
ation developed cracks between 350 and 400 hours of operation. Their 
crack  resistance w a s  about - e q d  t o  the as-received  buckets (fig.  6 (gf ) .  
The reheat-treated  buckets were heat-treated a total of three times. 
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Macro- asd Microexaminatim of Unfractured Buckets  

Fifty-nine of the buckets r&z1 the full. 500 hours without fracturing. 
Fifty-seven of these  buckets had leading-edge  Wac&. (Two 5-816 lo€ A 
buckets did  not have cracks.  Figure 7 is a set of photographs taken_ 
af te r  500 hours ofoperatian showing seven typical unfrackured  buckets 
with leasing-edge cracks. Each bucket is a different  as-received ma- 
t e r i a l .  These photographs in figure 7 were taken with an ultraviolet 

1 
light a f t e r  the buckets were given a ziyglo treatment. During the 1~ 
hour exposure time, the a g l o  o i l  bled f r o m  the cracks, producing the 
blotchy  effect Been in the photographs. . .  

E 
cp 

Microexaminations were performed on the leadhg-edge  regions of the 
29 buckets enumerated in table V t o  determine the nature of the leading- 
edge cracks. In almost every instance,  the cracks appeared t o  be inter- 
granular. Figure 8 shows photmicrugraphe of -t;gPical leading-edge 
cracks as they  occurred in the unfractured bucket8 shown fn figure 7. 
In a l l  these photographs, the surrounding structures appear nonnal far 
the material. 

O f  a l l  the buckets examined, the only bucket with the slightest in- 
dication of abnormal structure was an 5-816 lot B bucket ( f ig .  9 ) .  The 
s m a l l  dark eeas  &-.the  grain.  boundaries may have  been caused by vacancy 
migrations. Some of the  cracks that ultimately develaped in the area 
were lined with oxides. 

" 

Figure 10 is a photograph of a 1e.ading-edge crack i n  an S-816 lot B 
bucket, which  ap-pears t o  be transgranular:.: This particular crack was 
the only definite .transgranular leading-edge  crack found during the 
microexaminat ions. 

One of the aluminized S-816 buckets was remwed from the wheel be- 
fore  it fmtu red  (after 244 hr of aperat im),  and a section w&lj taken 
of the leading edge t o  determine whether the cracks  penetrated beyond 
the aluminum coating.  Ftgue l l (a)  is a photomicrograph of the leading- 
edge region shown in figure ll(b) . The photomicrograph show diffusion 
has taken  place between the aluminum coating and the  base metal. "he 
cracks did not extend beyond the diffusion zone ( f ig  . ll(a> 1 . 

Macro- and Microexamination of Fractured BucketB 

All the  buckets that fractured were visually examined t o  locate the . 
origin of the frscture. The examinations disclosed that all the frac- 
tures began a t  the le-g edges of t h e .  b w t s .  The zone where the 
fracture begm always had the rough appearance of an intergranular 
stress-rupture-type  failure. The  zone adjacent t o  the f'racture or igin 

- 
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had a concentric-ring appearance typical of a fatigue fai lure ,  o r  in  a 
few cases, a rough, slightly discolored appearance typical of a stress- 
rupture failure. When the  cracks  propagated  deeply enough (usually 
across about one-thhd of the bucket  chord}, the centrifugal  force on 
the bucket  caused it t o  f a i l  in tension. 

Figure 1 2  shows the photographs of typical 'fractured untreated (as- 
received)  buckets of s-816 ( f ig .  E(a)  and (b)) ,  "252 ( f ig-   =(c> and 
(a) ), and Hastelloy R-235 ( f ig .  12(e) } . None of the other materials 
tested'  incurred  fractures .during the t e s t .  

Microsections of 17 of the 35 fractured buckets were taken from the 
regions where the fractures.  occurred. Usually the region  very  close t o  
the leading edge of the buckets  appeared so  oxidized that it was di f f i -  
cult  t o  determine w h e t h e r  the  fracture began as a transgranular o r  inter- 
granular  failure. In a f e w  buckets, the region was  not  too  badly damaged 
by  oxidation, and the fracture  origin appeared t o  be intergranular in 
nature.  Figure 13 is a photomlcrogcaph of the  region where the  fracture 
began in a Hastellay R-235 bucket. The intergranular cracks in t h i s  
Eastelloy R-235 bucket soon changed to   t ransgrmuhz  &d propagated as 
a transgranular crack for about 1/2 inch. Another example of a fracture 
changing from Fntergranular to  transgranular, this time in an "252 buck- 
et, is shown i n  figure 14. 

DISCUSSION aF RESULTS 

The resul ts  of the  investigation showed that all the high- 
teqerature materials studied were s ~ &  ject to leading-edge cracking. 
The total  operating time until the cracks were first detected  varied 
appreciably among materials, ranging from 55 hours f o r  Inconel 550 to 
245 hours f o r  Jetalloy 1570. The resistance t o  fracturing a lso  varied 
appreciably between materials with two of the a l l o y s ,  Lnconel 550 and 
Inconel 700, not  incurring any fractures before the test w a s  discontin- 
ued, while other alloys  fractured  as  early 86 218 hours.  Since some of 
the materials  tested were experimentally  forged,  the  fabricational tech- 
niques used in producing the buckets may not have been fully developed 
t o  the point where  they  could produce the best engine results. There- 
fore, caution  should  be observed in canparing the performance of the 
materials. 

Although the resul ts  of this investigation did not  conclusively 
define the l r e c h a n i s m  by  &ich the craclcs originated, sorue insight into 
the mechanism may be obtained by a sptematic analysis of the factors 
that influence  turbine-bucket fa i lure  during operatiion. In this  analysis 
such factors as centrifugal stress, vibratory stress, fabr ica t iond  re- 
sidual s t ress ,  thermal stress, and oxidation win be considered. 
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If the centrifugal stress operating on the buckets a t  the elevated 
temperatures were 8;n important factor that contributed t o  the formation 
of the  cracks, it would be expected. that the cracks would have formed 
only in the   c r i t i ca l  zone. However, cracking w a s  not limited to   t he  
c r i t i c a l  zone; it also occurred Fn regions where the combination of 
centrifugal  stress a d  temperature w-as rather low. In addition,  calcu- 
lations  indicate that if  centrifugal stress and temperature were the 
only factors Causing the  cracks,  the buckets should have been f ree  from 
cracks fo r  almost 13, OOQ hours (fig.  2) . Sate .the cracks formed in a 
SW fraction of this tbe, it- -is most likely that s o m  factors  other 
than  centrifugal.  strees were the pr5mm-y cause of the  cracking. 

Vibrational fatigue was arzother factor that did not appear t o  in- 
fluence crack  formation sigaific"My. Cknerally, mechanical fatigue 
fractures  are transgrarnular (but not always, ref. 5) and occur a6 a e in-  
@e fracture. lche cracks obtained in the t e s t  were predcnainantly fnter- 
granular and in practically every  case a multiplicity of cracks exiated.  
If vibrational  fatigue were an insportant factor, only a sLngle craFk 
would have been expected t o  develop i n  each  bucket. While vibratLonal 
fatigue does not appear to  play an inportant ro l e  in the formation of 
the  cracks, -it is impartant in propagation of. .the. cracks 88 shown by 
the fact that most of the  fractures  (a few "252 buckets w e r e  exceptions) 
propagated as  transgranular  failures with the concentric-ring appearance 
typical of a vibrational-f at igue fracture. .- 

Fabricatimal-residual stress also did noirappear t o  be a direct  
contributing  factor in the formation of leading-edge cracks. If it 
had been a direct  factor, the .bucket l o t s   t r ea t ed   t o  r&mve the resFdual 
stress (electropolished, annealed, and reheat-treated) should have 
shorn a significagt imprwement i n  crack.  resistance as conrpared w-ith the 
untreated  buckets. The tee ts  shared very l i t t le ,  I f -  any, improvement Fn 
crack  resistanae f o r  all the bucket l o t s  -t.h+t received  treatments, ex- 
cept  possibly f o r  a sLngle g r o q  of S-816 reheat-treated buckets. It i e  
possible  that  fabricatimal  practices play a more important role than 
may be apparent from the tes t   resu l t s .  The physical  properties  opthe 
a l l o y s  could haye been so badly damage.d. during forgFng. that no amount of 
heat  treatment could improve the propert-ies. If th i s  were the case,  the 
heat  treatments  tried could have bees lneffective Fn removhg the d&uaage 
done by fabrication. 

hktallographic ev ihce .   ind ica tes  that most of the  cracks were inter- 
granular and that oxidation w m  -present. along the interface of the cracks. 
There is no way of t e l l ing  w h e t h e r  oxidation  occurred  before or after the 
cracks formed. In only one .of. the buckets w i n e d  (8n S-816 bucket) w a s  
there an indicat im.  that intcgrenular. oxidatim may have taken place 
(fig. 9 ) .  There is. a ppossibility that  the unusd stx%cture-(the  dark 
areas a t  the  grain  boundaries) surrounding the  large oxhlation concen- 
trations shown in figure 9 may not be caused by oxidakhn, but rather 
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is a result of the migation of vacancies from the mat* t o  locd ized  
areas in the  grain boundaries (ref. 6). 

Fhe preceeding  process of elimination leads us t o  the conclusion 
that the  factor appearing t o  exert the most significant  influence on 
crack f o d t i o n  is thermal stress. These thermal stresses axe caused 
by thermal  gradients that occur In the bucket  during cy-clFng, acceler- 
ation and deceleration. In another NACA enghe program (unpublished) 
actual measurments have shown that temgerature differentials of 240° F 
during'starts and 90° F durjng stops  exist at the lead- edge between 
the skin and a region 0.05 inch beneath the skin. This is equivalent t o  
a gradient of 4WOo F per  inch duriog starts and a thermal  gradient of 
1800° F per  inch  during  stops. Prelimlnazy calculations of the stress 
that would be formed in the leading-edge  regions aUrfng starts indicate 
that large enough stresses could be formed t o  came plas t ic  flow in the 
material during the first start. Repeated thermal stressing of the 
matekid durFng subsequent stasts and stops could  cause additional 
plast ic  flow, which would damage the physical pro-gerties of the material 
and eventually  lead  to  crack formation by the IIlechanism  of thermal fa- 
tigue. All these -data and calculations  support the concept that the ' 

cracks  could be caused by thermal stress. 
.. . 

However, the fac t  that the cracks were intergranular instead of 
transgranulax, and that the locations of the f3rs t  cracks were gener- 
ally near the cri t ical   cross  section instead of the cross  section where 
the mexFrmrmbucket tenqemture occurred could raise a degree of do&t 
as t o  the importance of thermal stress a~ a primary factor. While it 
might be expected that thermal-fatigue-type  cracks wwld be trassgran- 
ular, the magnitude and rate'of  application of th& thermal stresses 
along with the corrosive atmosphere could  conceivably  cause an inter- 
grssula3. type of fracture. The fact that the location of the first 
cracks was near  the  cri t ical   point does not  necessarily elimina;te thermal 
stress as the p r h e  cause of the cracks. It is possible that the maxi- 
mum transient thenud gradients do not occur where the maximum steady- 
state bucket temperatures Elre located,  but  rather at sane lm location 
in the  bucket. ZI conclusion, it is believed that the primEtry cause of 
the cracks  appems t o  be repeated the& stress o r  thermal fatigue. 
The remaining factors, centrifugal stress, vibrational stress, residual 
stress, and oxidation,  probably a n t r i b u t e   t o  the crackhg; in fact, 
they may be necessary to   e f f ec t  the cracking,  but  nevertheless,  they 
appear to be of secondary  importance. 

One of the important phenc8nena -noted during the investigation was 
the slow rate of crack  propagation in the buckets. Usually, the buckets 
would operate 100 hours or more at full power after  crack  detection be- 
fore they would fracture [shown previously in table V I )  . For example, 
in the case of Lnconel 550, the cracks  propagated so slowly that none 
of the  buckets  fractured before the test was discontinued after 500 
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hours, even though a l l  the  buckets were cracked at 55 hours. In  cm- 
t r a s t  w i t h  the Incoliel 550 performance is the performance of an S-816 
l o t  B bucket which fractured  within 92 hours..-dter the  cracks were f i rs t  
detected. Although the performance of this S-816 lot B bucket wa5 very 
poor as campared with most- S-816 buckets, the 9 Z - h w  period is a sub- 
stant ia l ly  sa fe  period  dwing which the cracks could have been detected. 
There is a small chance that the cracks  could have occurred and the bucket 
fractured besween the maJor inspection  periods performed every 100 
horns. Bowever, i n  considering that a l l  the other bu-ts that-fractured 
operated w e l l  over lo0 hours after crack  detection, the chances that any N 

one bucket would have both developed cracks and fractured between inspec- G 
Mons i6 quite small. A direct. compaf.is0n  between the data contained 
herein and what .would be expected in actual  service cannot be made be- 
cause t& operamg  conditions of one (the number of starts and Stope, 
the time at max. rated speed, e tc .  ) are probably  quite  different from 
the  conditions of the other. I n  d l  probability, the engine test condi- 
tions  reported would be as severe aa those  encountered i n  actual  service, 
or mre severe. 

Ip 

. .  

It might be we= t o  emphasize that although repeated thermal strees- 
ing is probably the cause of leading-edg&:cr-&2kiag, repeated  thermal 
stressing  alone will not  cause complete bucket  fracture. The leading- 
edge cracks must be propagated by creep  rupture o r  fatigue. A long 
safety period between crack  initiation and bucket fractime i s  poseible 
if the bucket is designed for very long s€ress-rrzpture lWe in relation 
to- required s e n i e e  l i fe ,  and -if  the vibratory stresses are low. 

SUMMARY OF RESULTS 

The resul ts  of the Fnvest @at ion into the developtent of leading- 
edge cracks  occurring in turbojet  turbine  bucbts are symnarized as 
follows : 

1. All the materials tested (S-816, M- 252, Inconel 550, Inconel 
700, Haatellay R-235, and Jetalloy 1570)  developed leadbg-edge cracka 
during  cyclic  engine  operation. The total aperating tine until the 
cracks were f i rs t  detected varied appreciably G a g  materials, ranging 
f r o m  55 -hours- f ok InconCL  550, "252, and .Inconel 700 to 245 hours for  
Jet alloy 157 0. 

2 .  The principal factor contributing t o  the formation of-  leading- 
edge cracks in  the buckets appeared t o  be thermal stress. Centrifugal 
stress, vibrational  stresa,  f'abricational-residual stress, and oxidation 
ase probably of secbndarj. impolitance t o  the m e c h a n i s m .  of crack formation. = 
Vibrational stress (fatigue) appeazed t o  be the principal mechanism Fn 
the  propagation qf_ the crackEi. . . . . . - . . . . . . . - . - . . . . . . . . . - .  . -. - .  " 
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3. The mFnimum time between crack  detection and bucket fracture waa 
92 hours. Ln most cases , the chances tha t  the craclm would have been 
discovered and the buckets removed during a 100-hour inspection  are  very 
good. A direct comparison .between these results and w h a t  would be ex- 
pected in  actual service cannot be made, because the  operating condLtions 
are probably quite  different. Probably, the engine test conditions are 
more severe than actual service condltions. 

4. None  of the electropolishing, stress-relief mnealfng,  reheat, 
or  repetitive  reheat  treatments appeared effective in hproving the re- 
sistance of these  materials t o  edge cracking or  fracturing. Aluminizing 
of S-816 buckets also did not appear t o  improve resistance t o  edge crack- 
ing  or  ‘fracturing. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio , March 15, 1957 
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? Heat treatment 

Time, 
hr 

--- 1 --" 
12 

Inconel550 I 2x0 4 bAc I 1350 

IkreteUay B-235 

4 

4 

Jetalluy E70 I 2OOO 
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I Total number of buchets tested r 
received polilsPred 

Stress- 
relief 
annealed 

- 

4 

"252 lot B 4 4 4 

Inconel  550 4 4 4 

Inconel  700 

Hastellay R-235 

- 4 

- 4 

Jetallay  1570 - - 4 

1OO-HA- 
reheat - 
treated 

AlumFnum 
cated 
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Material Treatment 1 
S-816 lot A As received 

AB receFved 
Alumfsum coated 

S-816 l o t  B As received 
Electropolished 
Annealed 
Reheat treated 
H e a t  treated 

"252 lot A A s  received 
As received 
Annealed 
Reheat treated 

"252 l o t  B As received 
As received 
Electrapolished 
Electrapolished 
Annealed 
Annealed 
1OO-Er repetf- 

tive heat 
treated 

Inconel 550 AB received 
Annealed 

R-235 As received 

Jetalloy As received 
15 70 

Condition 
a f t e r  

operation 

Mot fractured 
Bactured 
Not fractured 

Fractured 
Fractured 
Fractured 
Not fractured 
B8ctured 

Not fractured 
Fcactured 
Fractured 
Wactured 

Not fYact.ued 
mactured 
Fractured 
Not fractured 
Not fYactured 
Fractured 
m c t u r e d  

Not fractured 
Not fractured 

Not fYactured 
Fractured 

Not fractured 

Number 
examFned 

1 
i 
i 

3 
2 
1 
1 
1 

1 
2 
1 
1 

1 
1 
1 
1 
1 
1 
1 

1 

f- 
(I: 
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Material 

S-816 lot A: 
As received 
Aluminized 
Aluminized 

S-816 lot B: 
As received 
As received 
As received 
As received 
Stress-relief annealed 
mess-relief -led 
Stress-relief annealed 
Stress-relief annealed 
Electmpolished 
Electropolished 
~ctrapolished 
Electropolished 
Reheat  treated 
Reheat treated 

"252 lot A: 
As received 
Stress-relief  aanealed 
mess-relLef annealed 
Stress-relief  annealed 
Ekctropolished 
blectrqpolished 
Reheat  treated 
100-m repetitive  heat  treatec 
1Oo-m repetitive heat treatec 
10042 repetitive  heat  trate! 

"252 lot B: 
As received 

received 
Stress-relief annealed 
Stress-relief  annealed 
Electrqpolished 
Electrqpolished 
Reheat  treated 

Hastellay R-235 
As received 

%e to  crack 
detection, 

hr 

55 
55 
55 

80 
106 
106 
140 
140 
140 
244 
210 
175 
175 
140 
210 
175 
244 

175 
80 
80 
210 
M6 
80 
175 
l68 
168 
168 

55 
80 
80 
106 
175 
80 
80 

106 

Tlnre to 
flradure, 

br 

306 
285 
316 

218 
254 
335 
430 
264 
302 
336 . 

413 
299 
315 
331 
341 
407 
426 

330 
389 
434 
471 
312 
440 
309 
444 
446 
451- 

300 
326 
289 
337 
319 
326 
323 

312 

Time 
betveen 

cracks ana 

br 
fr&CtUreS, 

241 
165 
196 

138 
148 
229 
291 
124 
162 
92 
203 
124 
140 
191 
131 
232 
182 

155 
309 
354 
261 
206 
360 
134 
2 76 
278 
2-93 

24s 
24& 
209 
231 
144 
256 
243 

206 

21 

Fcactuze 
location, 
in. above 

ba6e 
plstfarm 

2.2 
1.6 
2.2 

1.6 
1-8 
1.2 
1.9 
1.4 
1.6 
1.2 
1.4 
1.4 
1.3 
1.4 
1.3 
1.3 
1.4 

1.6 

1.8 

1.2 
1.9 
1.3 
1.2 
1.3 
1.2 

-" 
e" 

1.1 
1.3 
1.4 
1.5 
1.7 
1.4 
1.5 

1.3 
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Figure 2. - Temperature and stress dlatributlon. J47-25 turbine  buckets 
operated at rated speed, 7950 ; tailplpe gaa temperature. P27S0 F; 
(S-816 density,  0.310 lb/cu iny 

23 

Figure 3. - Critical zone i n  an 5-816, J-47-25 turbine buckat.  Calcula- 
tlons based on (feneral Electric data for 13Oo0. 14000, and 1 m  F. 
Simple interpolations were  uaed for intermediate temperature. 
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bucketa t e a t e d  

7 

Number o r  

4 

6-816 lot A 

8-8U lotB . 

"252 Lot A 

"252 lot B 

Inconel 55a 

fnaauel 700 

Hestalloy B-235 

Jetalloy 1570 

v cracks first datectea 
Bucket fractuncd 

1,2,3,4,5 Bucket number 

I 2  3 4 

1 2 3  4 1 2  
V v v  

3 

4 

6 4  

h 
I- 
U 
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. 

i 

buckets teated 
limber of 

4 

4 

4 

1 2  3 4  4 2  
ELectrapolished v v  W 

1 2  

As received 
3 

1 4 4 
4 Reheat tr8atd V 

(b) "252 lot B as-received and specially treated buckets. 

4 

4 
-3 4 

100-Br repetitive 
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V Cracka m e t  detected 
Wlcket fractured 

1,2,3,4,5 Bucket mmkr 

buckets tested 
IalmbCr Of 

4 As received 

1234 
4 Annaaled o d  

1,2,3,4 
4 Reheat treated 

(d) Inconel 550 as-received and npecially treated buckets. 

4 As received 
1 23  4 l e -  5 4 v v  v v w  w v 

4 

1 4 5  
Y7 v v  7 As received 

7 

4 

1 4 5  

As received 

4 
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(a) B-816 lot A. (b) 8-818 lot B. 
I 
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i (9) HanteUoy E-235. (h) Jatalluy 1570. 
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Figure 9. - Oxidation and void formation In 
grain boun&eriee of S-816  lot B bucket. X250. 

Figure 10. - Transgranular leading-edp crack 
in  3- 616 lot B buck&. X400 

, 
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(a) 5-816 lot A as-received bucket. 
Fractured, 306 hours. 

(b) 5-816 lot B ae-received bucket. 
Wactured, 335 hours. 

. 

(c) "252 lot A as-received bucket.  Fractured, 300 hours. 

Figure 12. - Typiaal bucket fractures resulting from englne operation. 
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(a) "252 lot  B as-received  bucket. Fractured, 330 hours. 

(e) bate -  R-235 as-received bucket. Fractured, 312 hours. 

Figure 12. - Concluded. Typical bucket fractures resulting Avan engine operation. 



MACA RM E57C12 37 

Figure 13. - Ecacture origin in leading edge, Hastellog 
R-235. Fractured, 312 hours. 
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